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ABSTRACT

A technical review of the literature on the distribution of the
radioactive debris and the associated muclear radiation from underwater
nuclear explosions is presented. This review, or material based on it,
is to be included as Chapter 11 in the planned DASA book Underwater
Nuclear Explosions, Part 1 - Phenomena.

The history of the fission products is followed fram the time of
detonation. The free-field gamma radiation phenamena are discussed for
surface, very shallow, shallow, deep, very deep, and extremely deep
scaled depth ranges by evaluation of three major sources: the early
above-surface phenomena, the base surge, and the residual radioactivity
in the ocean.

The state of the art is summarized, and the direction of current
research and suggested future research are discussed.

It is concluded that no adequate comprehensive radiological predic-
tion system exists in the literature for underwater nuclear explosions.
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The Problem

To condense, into one chapter, the basic concepts involved in the
distribution of the radioactive debris and the associated nuclear radia-

tion from an underwater nuclear explosion. This chapter, or materiai
based on it, is to be part of the planned DASA book on Underwater

Nuclear Explosions, Part I - Phenomena.

Findings

The state of the art is such that a fairly well-defined conceptual
description of the radiological effects from underwater nuclear explo~
sions has been made. In certain specific areas adequate prediction
systems are aveilable; however a comprehensive prediction system is far
fram being achieved.
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FOREWORD

This report was prepared as a basis for the preparation of Chapter
11 of the planned DASA book on Underwater Nuclear Explosions, Part 1 -
FPhenomena. The completed volume will consist of the following:

Chapter

H OOV OO FWwNH

o

Introduction

Hydrodynamic Considerations

Theory of Similitude

The Shock Wave

Shock Wave Interactions

The Explosion Bubble

Underwater Cratering

Surface Waves

Surface Phenomena

Nature of the Radioactive Debris and Nuclear Radiation
Distribution of the Radioactive Debris and Associated
Nuclear Radiation
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UNDERWATER NUCLEAR FEXPLOSTONS.

PART I - PHENOMENA*

CHAPTER 11

DISTRIBUTION OF THE RADIOACTIVE DEBRIS
AND ASSOCIATED NUCLEAR RADIATION

11.1 INTRODUCTION

The design of nuclear warheads for naval use underwater had as
its primary objective the capability of doing extensive damage by shock
effects. In this regard the nuclear explosive with its extremely high
energy density was a successful addition to the Navy arsenal; however
this development brought with it the problem of radioactivity.** This
new variasble added complexities to the employment of naval weaponry to
the extent that a great deal of research was carried out on the radio-
logical effects from underwater nuclear explosions, the subject matter
of this chapter.

The import of these effects was relatively slow in being accepted,
as was that of fallout from land surface nuclear explosions. The dis-
tribution of the radioactive debris and their associated nuclear radia-
tions certainly were anticipated prior to Operation Crossroads. However
the magnitude of the problem was not fully realized until after Operation
Hardtack in 1958 where it was demonstrated that the above-surface pheno-
mena produced by an underwater nuclear explosion carried such quantities
of radioactive debris that the free-field gamme radiation doses to per-
sonnel could seriously hamper naval operations.

Although research had been done on underwater shock effects and
bubble hydrodynamics prior to the nuclear era, the relationship between
these effects and the above-surface phenomena was studied little.

* See Foreword.
#*The release of nuclear radiation associated with an underwater explosion
has been reviewed in detail by Schuert and Werner (1964).
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Consequently, with the development of the nuclear weapon it was required
to relate the above-surface phenomena to the underwater hydrodynamics
and to study the entire event as a dispersion mechanism for the fission
products.

It is important to realize that the radiological effects of an un-
derwater explosion are drastically different from those of a land surface
and an air burst. Air bursts, wherein the fireball does not intersect
the surface of the earth, disperse their fission product debris high in
the atmosphere. The dispersal of the radioactive fallout is world wide,
and it returns to the earth's surface over long periods of time, highly
diluted and degraded. The land-surface burst is the classical local
fallout event. Great quantities of earth are drawn into the fireball,
mixing with the fission products and carried aloft. Most of the fallout
returns to the surface locally, creating a highly radioactive surface-
envirorment which slowly decays over a period of weeks. Some residual
radioactivity in smaller sized particles remains aloft for long periods
and contributes to the intermediate and the global fallout.

The underwater explosion ejects radioactivity into the lower atmos-
phere accompanied by large quantities of water. This mixture rapidly
falles back to the surface in the immediate vicinity of surface zero.

This rapid subsidence of water develops a base surge aerosol which pro-
pagates outward radially along the surface of the water. The base surge
is a major carrier of fission-product debris in the atmosphere. The
fraction of the debris that remains airborme is less than that which
immediately returns to the sea.

The entire phenomenon will be discussed in detail in this chapter.
However it should be pointed out at this time that underwater explosions
should not be considered fallout events as described above; rather their
important atmospheric transport mechanism is transient, much like a wind-
carried fog.

The development of an extremely hazardous atmospheric and oceanic
radiclogical environment subsequent to the underwater detonation of a
nuclear weapon made it apparent that this new variable, radioactivity,
had to be considered asnd balanced with the more familiar effects, under-
water shock and air blast. Both offensive and defensive tactical doc-
trine had to be re-evaluated in the light of this new variable. For
instance, the determination of new ship safe-standoff distances and
aircraf't weapon-delivery criteria, and indeed the design of the weapon
and its fuzing system, require knowledge of the space-time distribution
of the radiation fields resutling from the explosion of such a warhead.

The description of the radiological phenomena in this chapter has
relied primarily on data from a limited number (five) of underwater

P LU E————————
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nuclear weapons tests conducted to date. The information is further

‘ limited by the fact that two of the tests contributed very little sur-
face radiological data, and none contributed directly to an understand-
ing of the very early atmospheric radiation fields of especial interest
in the aircraft-delivery problem. Consequently, past experience in the
field of underweter chemical detonations, and theoretical studies and
continuing high-explosive tests, have been exploited to fill the gaps.

This chapter is limited to describing the gamma radiological
effects from underwater nucléar explosions as free-field phenomena. The
interaction of the radioactive material and its associated nuclear radi-
ations with vehicles, structures, and personnel is the subject of Part
IT of this book. :

11.2 DISTRIBUTION OF THE RADIOACTIVE DEBRIS

The radiological effects from underwater nuclear explosions are
seen to be very complex phenomena when one considers the wide range of
yields and detonation depths of interest and how changes in these vari-
ables drastically affect the history of the fission products and induced
activities. The distribution of this radioactivity depends upon the
hydrodynamics of the explosion and the resultant water-bubble motion.
This relationship may affect not only fission-product transport but also
may have a direct bearing on fission product fractionation.

The most important factor in the development of the gamma radiation
fields, and consequently of exposure rates and exposure, is the extremely
early time after fission, at which radioactive products are avallable to
interact with the environment. The initial radiation associated with
the rising columns and plumes in the atmosphere can be available for
interaction with aircraft as early as several seconds post-detonation,
and surface ships can be engulfed by a highly radioactive base surge
aerosol within 30 seconds. These interactions occurring at such very
early times imply very high exposure rates and very rapid decay. Con-
sequently, any transport mechanism must be well-delineated because of
the time scale over which it is operating.

In this section examination will be made of the explosion, the
bubble, the bubble oscillation and migration, the bubble sea-air inter-
face interactions, the early above-surface phenomena, the base surge,
and the residual radioactivity in the ocean, from the point of view of
how the fission products are affected and how they are transported.

3 el T
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Reference should be made to Chapter 2 (Snay 1966) for a more deteiled dis- N
euggion of the hydrodynamic phenomena involved.

11.2.1 THE EXPLOSION

The type of nuclear device employed has an influence on the
quantity and type of radioactivity produced, as discussed generally by
Schuert and Werner (Chapter 10). The fission product production in re-
lation to the total yield depends upon the fissile material used and
the type of reaction taking place. In addition to fission products,
neutron-induced activities contribute to the total gamma radioactivity,
and the part they play depends upon both weapon design and the immediate
explosion environment. Since a detailed discussion of all possibilities
of total gamma production is beyond the scope of this chapter, elabora-
tion will be limited to examples representing a pure fission weapon and
a thermonuclear device, with a hypothetical maximum neutron flux escap-

ing to the underwater environment.

An instant after the detonation takes place essentially all of

the radioactivity is produced, the contribution from neutron capture
products being some fraction of the total. ijé?
_BL_LLZI ePD
His

results on the contrlbutlon to the total act1v1ty Trom the major induced .
products of Na2 2k gnd C 8 are shown in Fig. 11.2:1, after being adjusted
to a yield of 10 . A : _

. DaE |

DeL=TED

For explosions on the bottom, consideration must be given to

possible contributions from induced activities other thaen Nagh and Cl 8

- ag found in seawater. If it be assumed that bottom detonations will be
in shelf waters, where terrigenous clays and CaCOz make up the bulk of
the sediments, a cursory examination of their constituents suggests
minor capture-product contribution to the total activity produced, for
the major elements available, Ca, Si, Al, and Fe, produce insignificant
guantities of induced radioactivity. Although this problem has not
been investigated in sufficient detail over a variety of geological
situations, any induced contribution from a bottom explosion can be
assumed to amount to that calculated for infinite seawater.

)1* JizLer £p /!'“ W%/
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Bursts on the surface are a special case. The upper half of the
weapon, being unshielded by seawater, will produce a prompt neutron flux
in the atmosphere. This neutron flux generates gamma rays consisting of
those resulting from inelastic scattering of the neutrons and of nitro-
gen-capture gamme rays (see sections 11.2.4 and 11.3.2). In calculating
the total induced products formed, Ferguson* estimates for a surface
burst that one-third of the neutrons escaping from the device interact
with the seawater and two-thirds with the atmosphere.

Table 11.2.1 presents estimates of the total gamma activity as
a function of device design, enviromment, and time for a total yield of
10 XT. It can be seen that the contribution by induced radioactivity,
from neutron interaction with seswater, to the total is never greater
than 10 percent at the early times of military interest considered. How-
ever at times earlier than 0.5 hours the contributions by induced radio-
activity will become more important to an unknown degree.

The limited exemples discussed above suggest that the contribu-
tion from induced radiocactivity to the total produced is minor. However
‘further studies should be made for any specific set of total environmen-
tal circumstances.

The remainder of this chapter will be limited, in discussions of
the quantity of radioactivity produced and its distribution, to pure
fission weapons. The neutron-induced radioactivity contribution from
the seawater enviromment will be ignored. :

11.2.2 THE BUBBLE

Shortly after detonation, the fission products and most of the
neutron-capture products are thought to exist in a sphere of energy sev-
eral feet in radius about the point of explosion. The isotropic propa-
gation of energy, initially as a radiative front, and shortly thereafter
as an intense shock wave, initiates the development of the bubble. The
initial bubble volume is defined at that time when the energy front has
so degraded that it no longer can release enough energy to the water to
cause further vaporization to take place. At this time and at the
associated radial distance from the point of explosion, about half the
initial energy is contained in the bubble and the remainder has been
carried sway as & shock wave. The internal thermodynamics of the nuclear
bubble at this time are not well understood. The best theoretical esti-
mates to date suggest the major constituent, water, to be in many physi-
cal states, from complete dissociation near the bubble center to water
at the boiling point at the outer periphery. Further discussion of the
thermodynamics of the initial bubble can be found in Snay (1956) and
Kot (1964). ‘
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The bubble, existing as a high-pressure, high-temperature sphere,
then expands against ambient hydrostatic pressure to a maximum radius of
hundreds of feet depending on the yield and depth of burst.

In order to estimate fission product distribution within a nuc-
lear bubble as hypothesized by Sney (1960), Buntzen (1964) simulated the
event at a very small scale with an underwater exploding-wire energy
source. By means of a gold wire and a high-speed sampling device, he
determined the distribution of the gold within the bubble at its first
maximum by analyzing bubble-volume samples for gold as & function of
radial distance, through neutron-activation analysis techniques. This
ingenious experiment showed the wire-product distribution to fall off
in concentration with an approximately inverse cube relationship with
distance from the bubble center. Also Buntzen suggests that if the pri-
mary very-early, internmal-bubble, transport mechanism is diffusion, then
for the nuclear case one would not expect fractionation of the fission
products within the bubble as a function of radius. This general distri-
bution found experimentally at a very small scale is supported by the
results of traced high-explosive studies of Kaulum (1965), and is in
agreement with the theoretical work of Snay (19€0).

Further theoreticel work and measurement of the nuclear bubble
constituents would be necessary before the location of the radioactivity
in the nuclear bubble can be quantitatively described. Qualitatively,
the radiocactivity can be considered to be distributed within the bubble
as a function of radius, with most of the products remaining within the
central 1 percent of the bubble volume at the time of the first bubble
maximum (see Snay, 1960) . Further, the bubble atmosphere can be con-
sidered to consist of water molecules and salts, with an unknown frac-
tion of non-condensable gaseous products from the high-explosive com-
ponent of the warhead, dissociated water, and dissolved gases removed
from solution in the seawater by the energy release on detonation. The
fate of the contained radiocactivity is a function of the bubble history
and the scaled depth of burst, as discussed in the following sections.

11.2.3 THE UNDERWATER HISTORY OF BUBBLE AND ITS
ASSOCIATED RADIOACTIVITY

A great deal of research has been done on the hydrodynemics of

the underwater phase of the bubble motion; see Cole (1948), Keil (1956),
and Kennard (1943) as examples. This complex motion, which plays a de-
termining role in the ultimate distribution of the radioactivity, is
strongly dependent upon the yield and depth of burst under consideration.
In order to classify underwater explosions, depth categories have been

N established by Swift and Young (1962). Although they have certain draw-
backs, they are used in this section and are briefly reviewed at this
time.
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Underwater explosions are classified as surface (near-surface
by Swift and Young), very shallow, shallow, deep, and very deep. Fur-
ther, consideration should be given to extremely deep explosions for
which the suppression or contaimment of the hydrodynamic and radiologi-
cal effects is possible. Classification of underwater bursts as func-
tions of yield and depth of explosion is then as follows, where W is
the yield in KT and d the depth in feet:

Surface 0 <4 <« 23#1/3

Very shallow 2mwY3 <ca < 7t/3

Shallow 75W1/3 <d < 2hoW

Deep ehodl/ 4 <d < éoowl/ b

Very Deep GOOWI/M <d

Bxch 1/h

remely Deep 6OCW << <d

Figure 11.2:3 illustrates these classes (with the exception of the ex-
tremely deep category) over a yield range of 1 to 100 KT, as taken from
Huebsch (1963a).

SURFACE BURSTS

A surface burst is defined as being so shallow that the water
above the charge is vaporized by the explosion. Unfortunately, the
phenomena of this type of burst are not well understood. There is no
question, however, that the bubble products including the radioactive
debris are ejected into the atmosphere. Discussion of this phase of
the transport phenomena 1s therefore covered in those sections desling
with the atmospheric distribution.

VERY SHALLOW BURSTS

In a very shallow explosion, Crossroads-Baker being the classi-
cal example, the bubble expands through the sea-air interface well before
reaching meximm radius, while the bubble pressure is greater than
atmospheric. Instabilities on the bubble periphery cause the bubble
envelope to rupture, and blow-out of the fission products into the
atmosphere occurs. The fraction of the radioactivity that blows out is
not known. However that fraction remaining in the underwater cavity is
subsequently made airborne by an upward collapse of the cavity which
ejects that fraction of the radiocactivity into the lower atmosphere as
well. Perkins (1963) has defined this latter phenomenon as late emission.
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Fig. 11.2:3 Classification of Bursts by Yield and Burst Depth

11 e L]




e e o

0027632

Scaled one-pound models of very shallow explosions suggest a
more complex sequence of events, including blow-out followed by blow-in,
as discussed below.

SHALLOW BURSTS

Shallow explosions are defined as those whose bubble breeks the
surface during the first cycle* at times when the internal bubble pres-
sure has dropped to or below atmospheric pressure. This depth range
includes Hardtack-Umbrella at its shallow limit, wherein the top half
of the bubble expanded well above the original air-sea interface but did
not blow out. The interesting phenomenon of reversal of the upward mo-
tion of the upper half of the bubble envelope took place in this case.
This "blow-in" phenomenon, a result of przssure differences, has been
observed to create an energetic downward jet into the water on one-pound
high~explosive shots scaled to this and to the very shallow depth ranges.
This jet penetrates the lower half of the bubble, and should the same

phenomenon take place st nuclear yields, one might expect scavenging of
the radicactivity by the jet into the water below the bubble. It is not

known whether this indeed takes place at high yields and for this discus-
sion it will be assumed that all of the radioactivity is finally ejected
into the atmosphere by the collapsing bubble cavity. A detailed dicus-
sion of this interesting possibility will be presented in the sections
describing the above-surface history of the radioactivity.

DEEP BURSTS

Explosions in the deep depth range include those whose primary
underwater hydrodynamic transport involves bubble migration. The in-
ternal pressure of the bubble after it has reached maximum expansion has
dropped well below ambient hydrostatic pressure. Then the bubble recom-
presses and the pressure increases to well above embient. As the bubble
oscillates, it migrates toward the surface. Snay (1960) has evaluated
these hydrodynamic transport mechanisms as a function of bubble energy
and suggests that the nuclear bubble will experience a maximum of three
oscillations prior to breaking up. For bursts in this and deeper ranges,
the bubble products can be deposited in the surrounding water during the
underwater migration phase. It seems reasonaeble to assume that radio-
activity is lost from the bubble at bubble recompression, for unequal
hydrostatic pressure causes the bubble envelope to collapse in a non-
spherical manner, with the bubble bottom collapsing before the top.

This asymmetry, as well as surface instabilities, is thought to cause
mixing with the surrounding water and the consequent ejection of a frac-
tion of the radiocactivity from the bubble. Evidence from Shot Wigwam as

¥Bubble oscillation and migration will be discussed in some detail in
the sections that follow.
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described by Isaacs (1962), and by Folsom (1956), and preliminary experi-
mental work with scaled explosions by Buntzen (196li) and expanded
upon by Pritchett (1966), suggest this to be the case. The quantity

lost during each bubble minimum has not been measured, however, and only
qualitative estimates can be made.
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The radioactivity released to the sea will undergo further trans-
location depending upon the depth at which release takes place and the
stability of the ocean. Some vertical transport can be envisioned be-
cause of the hydrodynamic flow created by and surrounding the migrating
bubble. If this flow does not carry the products to the surface they
will come to rest, and depending on the vertical stabillty and the hori-
zontal diffusive properties of the ocean, will further mix in either or
both directions,

Hardtack-Wahoo and Shot Sword Fish were nuclear explosions in
this depth category. However in both cases it is believed that the bub-
bles did not complete their first cycle prior to reaching the sea-air
interface. It is thought that they reached maximum expansion below the
surface and upon recompression and migration, ejected the contained radio-
active debris into the atmosphere through the mechanism of strong bubble
bottom collapse with oceanic contamination taking place after the plumes
containing the bubble products fell back into the surface water.

VERY DEEP BURSTS

This extension of the deep category is defined as that in which
the bubble breaks up prior to reaching the surface. As expressed above,
the minimum depth for this range is that in which the bubble completes
three oscillations on migrating to the sea-ailr interface. Fission pro-
duct loss from the bubble as it migrates to the surface is as discussed
above in the section on deep bursts. After bubble break-up, continuing
hydrodynamic flow may take place and carry the residual bubble products
to the surface, as is thought to be the case for Shot Wigwam. Snay's
model for this explosion suggests a vortex ring developing, by which the
products were carried to the surface and into the atmosphere.

EXTREMELY DEEP BURSTS

It is possible that a nuclear weapon could be exploded so deep
that there would be little or no interaction of the residual bubble with
the sea-air interface. Several phenomena must be considered if trans-
port of radioactivity to the surface waters and the atmosphere is to be
evaluated from this point of view of complete suppression or contaimment.
The state of the art at this time prevents us from reaching a conclusion
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with respect to the possibility that this will happen; however the govern-
ing mechanisms are understood and are considered below. Two transport
mechanisms must be considered: hydrodynamic flow and buoyant transport

of gases.

If one assumes that after three bubble oscillations the bubble
breaks up, having given the majority of its energy to the surrounding
water, then any further upward motion of the particulate and soluble
radioactivity will be determined by the mass motion of the water. As
stated earlier, it has been suggested that at Wigwam a strong hydrodyna-
mic flow carried the bubble products from the point of break-up to the
surface - a distance of some 800 feet was estimated by Snay (1960). Re-
gardless of the mechanism involved, any upward flow of water is doing
work against a stability barrier, and for a deep enough detonation the
flow energy would be dissipated and the majority of the fission products
and induced radioactivity come to rest at a depth below the mixed surface
layer. However some 10 percent of the fission product radiocactivity
over the first 24 hours is in the form of the noble gases krypton and
Xenon.

The history of this gaseous component must be evaluated separa-
tely. Although these fission products amount to only several liters of
gas at standard conditions, regardless of depth of burst this fraction
might reach the surface and enter the atmosphere. Such transport would
be assisted by any carrier gas accompanying the bubble products. For
example, carrier gases might come from the high-explosive component of
the weapon, dissociated water formed at the time of detonation that did
not recambine, and any dissolved gases in the seawater that were taken
out of solution and did not redissolve. This problem has not been
studied quantitatively nor have satisfactory determinations been made on
the solubility of the rare gases in seawater as a function of depth or
of the existing degree of their saturation in the oceans. In summary,
for the radioactivity from an extremely deep explosion to be completely
contained all hydrodynamic flow must be dissipated and the gaseous com-
ponent dissolved before reaching the surface.

SUMMARY

The underwater history of the radioactivity is clearly a function
of the scaled depth of burst, the guantity available to the atmosphere
and to the mixed layer of the ocean being dependent upon that which is
trapped in the deeper waters. Table 11.2:2 lists a selected number of
shot depths in an attempt to indicate the range of loss of radioactivity
to the ocean during the underwater history of the bubble and the associ-
ated hydrodynamic flow. It should be emphasized that in all but the .
extremely deep range the surface layer of the ocean becomes highly con-
taminated by the mechanism of collapse of the above-surface phenomena,
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TABIE 11.2:2

Summary of the Underwater History of the Radioactivity From a 10-KT Weapon as a Function of
Various Depths of Burst

Depth Range Selected Estimated Fraction of Transport Relative Remarks
Depth Total Radiocactivity Time to Decay
(£t) Unavailable to the Surface Factor
Atmosphere and Surface (sec) During
Waters Transport
Surface 0 0 0 1 Immediate interaction
with atmosphere.
— Very shallow €0 0 ~ 0.01 1 Bubble expands into
) atmosphere and blows
out.
Shallow 180 0 ~ 0.3 1.3 No blowout.
Deep : 500 : ~ 0.2 ~ 6.0 10 Surface interaction prior
to or at first minimm.
Very deep 1,500 ~ 0.6 ~ 10 18 Bubble break-up; strong
upward flow.
Extremely 5,000 ~ 0.9-1.0 >> 10 >>18 Possible complete sup-
deep pression of hydrodynamic

flow, and gas containment.
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which returns the ejected radioactivity from the atmosphere to the sea.
This aspect of the history will be discussed in detail in the forthcom-
ing sections.

It is not known whether changes in underwater transport are a
continuous function with depth or whether they are a step function. For
example, the transitions from shallow to deep and from deep to very deep
are not well understood. And one cannot conclude for example, that a
burst depth from which the bubble experiences two oscillations will leave
less activity underwater than that left at Wigwam where the bubble was
thought to break up after three cycles.

11.2.4 THE EARLY ABOVE-SURFACE PHENOMENA AND THEIR
ASSOCTATED RADIOACTIVITY

Gamme radiation from an underwater nuclear burst will interact
with the atmosphere as soon as the fission products and induced radio-
activity are no longer shielded by the seawater. For a surface burst
this happens immediately. For very shallow and shallow bursts it hap-
pens as a function of time after burst depending upon the rate of expen-
sion of the bubble into the atmosphere; for deep and very deep explosions,
its time of occurrence depends on the migration time.

Any source of fission products above the surface will emit gamma ,
radiation, the gamma ray transmission being & function of a number of
variables, which will be discussed in section 11.3.1.

Since the early above-surface phenomena depend upon the scaled
depth of burst they will be discussed in terms of the depth categories
as defined earlier. In general the ejection of fission products is
associated with a rising mass of water which soon collapses to form the
femiliar base surge. In this section the discussion will be limited to
what is defined as the early above-surface phenomena, namely those atmos -
pheriﬁ)interactions preceding the formation of the base surge (see Fig.
11.2:4).

SURFACE BURSTS

This depth category considers the true surface burst; little is
known about the development of its above-surface formation. The two
opposing schools of thought are as follows: (1) the event will have the
characteristics of a land surface burst, with a rising fireball and sub-
sequent debris distribution by a fallout mechanism; (2) the explosion
will interact strongly with the sea-air interface, creating a large
underwater cavity and consequently a well-developed column of water in i
the atmosphere, which will fall back and create a base surge. This
latter concept is characteristic of a very shallow burst. These opposing
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A, Very Shallow Explosion
(Crossrosds Baker)

B. Shallow Xxplosion
(Herdtack Unbrella)

C. Deep Explosion D. Very Deep Explosion
(Bardtack Wahoo) (Wigwam)

Flg, 11.2:4 Early Above-Surface Phenomens as 8 Function of Scaled Depth
of Burst.
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viewpoints will not be resolved until more theoretical work and prefer- ,
ably & nuclear test is accomplished. Such an event, at yields above

50 KT, might reasonably be assumed to produce above-surface effects re-

lated to those of the surface land explosion; at yields of 10 KT or less

such an event might be assumed to produce above surface effects related

to those of the very shallow underwater explosion.

The fact that the weapon will be exposed to the atmosphere sug-
gests that the true surface burst has several unique characteristics as
opposed to all underwater bursts. Since complete neutron absorption and
gamma ray attenuation require several feet of water, a surface burst 1is
unique in that a portion of the neutrons are availasble to interact with
the atmosphere. Such interaction produces, in addition to the neutron
flux, gamma rays resulting from inelastic scattering of the neutrons
and nitrogen-capture gamma rays which contribute to the atmospheric
radiation.

As the scaled depth increases in this depth range the phenomena
rapidly approach those of the very shallow range, as discussed below.

VERY SHALLOW BURSTS

The early above-surface phenomena from very shallow explosions
are characterized by the immediate formation of a column which rises
into the atmosphere and is topped by a crown of greater horizontal di-
mensions. The phenomenon observed was given the name "blow-out," and
the internal hydrodynamics which produce it may be described as follows:
The explosion bubble upon expansion, creates an underwater hemispherical
cavity, the associasted flow creating the column walls. Since the scaled
depth 1s much shallower than one maximum bubble radius, the upper half
of the bubble envelope rapidly expands into the atmosphere within the
column walls, and because of instabilities in the thin sheet of water
above the bubble, a fraction of the bubble products blow out through the
column top to form the characteristic crown. This blowout occurs because
the instabilities occur while the internal pressure of the bubble is well
above atmospheric pressure. Such column-crown formation has been obser-
ved both with high-explosive charges over a wide range of yields down to
less than one-pound and with the nuclear test Crossroads-Baker.

A mathematical model of the bubble motion,* developed by Hammond
(see Young and Hemmond (1964)), considers the variation in hydrostatic
pressure around the bubble envelope. This model has been found to ade-
quately predict the envelope motion over the high-explosive and nuclear
yield ranges, when campared to experimental data. It is useful in

*Suggested by Ksanda of NRDIL.
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- evaluating the early above-surface phenomena. Of special interest is

the employment of Hammond's (1965) bubble period ratio, as an equivalence
criterion for scaling. It has application over all scaled depth-ranges;
however it is pertinent to discuss it at this time. This concept evalu-
ates the ratio of the periods of the top and bottom of the bubble during
its first half cycle. When this ratio is plotted as a function of

scaled depth for & wide range of yields and for various atmospheric pres-
sures and gravitational fields, the areas of scaling applicability and
limitation can be determined. Figure 11.2:5 shows such curves developed
for a standard atmosphere and unit gravity. Further, qualitative infor-
mation can be obtained in evaluation of explosions near the surface. At
the 10-KT yield, Por example, a Crossroads-Baker scaled shot in a bottom-
free environment should experience bubble top reversal after blow-out,
with the explosion products in the column returning into the still-ex-
panding underwater cavity. This indeed was found to take place at the
l-pound yield, as discussed below.

Analysis of residual radioactivity measurements made by Strope
(1963) on the Crossroads-Baker data suggests that the crown _contains a_
large fraction of the fission products. Kaulum's (1965) measurements of
the internal constituents of the column and crown from one-pound high-
explosive models in the very-shallow-scaled depth range suggest a some-
what different, more complex internal structure of the column and crown.
Kaulum sampled the time-space distribution of & radicactive tracer
placed at the center of the charge through fixed high-speed above-surface
samplers located above the point of explosion. He congtructed histories
of both the ejected water mass and the traced explosion products. Extra-
polation of these results to the nuclear yield range would suggest that
for very shallow explosions in deep water, a small fraction (Less than
5 %) of the explosion products finds its way to the crown and that the
flow reverses within the column as the bubble pressure drops below atmos-
pheric, driving the explosion products underwater into the bubble cavity
(see Fig. 11.2:6). This descriptive illustration points out three phases
of transfer of the bubble products to the above-surface phenomena. FPhase
One occurs early and is characterized by the transfer of the core of
explosion product to the crown. FPhase Two, somewhat later, involves trans-
fer by the converging column walls into the central Jet (see below)..
Phase Three is described as the ejection of the residusl explosion pro-
ducts from the bubble cavity by the process of cavity collapse (1ate

emission).
‘ e ' —
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pound level to evaluate explosion-product distribution when the explosion
occurs under the influence of a nearby bottom. Other qualitative evid-
ence in this interesting area was obtained at Hydra IIA at which 10,000-
pound, traced HBX-1 charges were fired in a bottom-free environment at
the Baker-scaled depth, as reported by Gurney and Killeen (196:). These
data show that at this yield a significant, if unknown, fraction of the
explosion products found their way to the crown formation.

Projection of results from l-pound underwater bursts to the
nuclear range leads one to speculate that, for this scaled depth range,
the quantity of fission products in the crown is related to the proximity
of the bottom or it is yield-dependent, or both. A secondary phenomenon
observed during the development of the column and crown is the "central
jet," which appears to be strongly yield-dependent. This jet penetrates
the center of the crown and energetically reaches great heights for low-
yield charges. It is well defined at the one-pound yield range (see
Kawlum (1963), observable and degraded at the 10,000-pound yield range,
and just visible at Crossroads-Baker (see Young 1965a)). Again, Kaulum's
work at low yields shows this jet to result from the rising water con-
verging just ahead of the bubble envelope. At the measured yields it
played an insignificant role as a carrier of explosion products.

After the column and crown stabilize, several additional flow
patterns take place prior to and during the development of column and
crown subsidence and the formation of the base surge. Crown subsidence
is yield-dependent and for a nominal-yield weapon the crown rapidly sub-
sides, with great plumes of water and debris being deposited at the sur-
face. For lesser yields, at least at the 10-ton nuclear-equivalent,
crown subsidence is much less energetic, with little if any of the crown
reaching the surface. Further, while the above-surface phenomena are
developing, the underwater cavity formed by the bubble expands to a
maximum and then collapses upwards, ejecting any contained fission pro-
duct material into the atmosphere at the base of the column. Perkins
(1963) observed this phenomenon at Hydra ITA and associated it with the
similar phenomenon observed by Hendricks (1960) at Hydra I, which
Hendricks called "ate emission.”" Late emission and possibly crown col-
lapse play an important part in the contamination of the base surge, as
will be discussed in a following section.

Considering, with bubble theory, the above, rather complex series
of events prior to the formation of the base surge, it is possible to
estimate the fate of the fission products and to generate gamma exposure
rate fields described as initial radistion. Accomplishments to date in
this area of exposure rate calculations will be discussed in section
11.3.2.
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In summary, for very shallow bursts it is felt that the quantity
of radioactivity in the crown is highly dependent upon the proximity of
the bottom end may be yield-dependent. The primary sources of fission
product debris above the surface at early times are first the crown and
then the late emission. Both contribute to later contemination mechanisms.

Transition to the shallow scaled depth range is indicated by re-
duction in the magnitude of the crown.

SHALLOW BURSTS

The early above-surface phenomena from shallow explosions are
similar to those from the very shallow case, with the important exception
that no crown is formed at the column top. The state of the art suggests
the internal column hydrodynemics may be similarly described. However
because of the greater scaled depth, blowout does not occur, because the
bubble pressure drops below atmospheric before the envelope can rupture.
Consequently, the fission products that initially rise with the expand-
ing bubble are reversed and driven underwater within the column, resid-
in the expending undervater bubble cavity (no Phase One transfer).

DL ETED D bot
- /Also, as discussed earlier, posi-

tive evidence of absence of blow-out at this sceled depth was observed
by Keulum (1965) with traced one-pound charges and the sensitivity of
transition from very shallow to shallow scaled depths was observed by
Gurney end Killeen (1964) with traced 10,000-pound charges.

The high-explosive work was done in a bottom-free environment, which
suggests that the transition depth from blow-out to blow-in for the
nominal-yield nuclear device may be insensitive to bottom proximity.

—— —

Again as in the very shallow case, the central Jet acts in a
similar manner; however Phase Two transfer may be considered negligible.

Since essentially all of the activity is confined to the under-
water bubble cavity for the shallow situation, the first maj)or permanent
appearance of radioactivity in the atmosphere is caused by late emission.
It is considered the primary mechanism for contamination of the base
surge, as will be discussed later.

DEEP BURSTS

The transition from shallow scaled depths to deep scaled depths
must be gradual, with a general degradation of the column formation
until the explosion depth is reached for which the bubble's first expan-
sion tekes place entirely underwster. At this point the above-surface
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phenomenon has completely changed from a columnar to a bushy plume-like
formation. This change results from the bottom collapse of the expanded
bubble through the bubble top into the atmosphere. This bubble inversion
results from the strong differential hydrostatic head across the vertical
bubble diameter. As the bubble contracts and collapses, essentially all
of the fission products are ejected into the atmosphere with large quanti-
ties of water, which then fall to the surface and propagate as a base
surge. At these scaled depths and deeper, the acceleration of gravity
plays an important part in bubble motion. Consequently, simulation with
low-yield high-explosives is less reliable in a natural environment be-
caugse of the gravity constancy. Do&E

1= ETED
Results of

Interest to the problem of radiological effects can be found in Evans
and Shirasawa (1962) and in Egeberg (1963), respectively.

In this deep range, bubble migration varies from minimal, as was —
the case for Hardtack-Wahoo and Sword Fish, -to that seen at scaled depths
at which a number of bubble oscillations are experienced prior to any sur-
face interaction. This portion of the deep range, where oscillation and
migration take place but prior to bubble break-up, requires further dis--
cussion. First the best evidence suggests that with each bubble minimum,
instabilities arise thet permit ejection of the fission products to the
surrounding water. A mechanism for this process has been suggested by
the experimental work of Pritchett (1966). There seems to be ample
theoretical reason to believe losses do take place at bubble minima.
However the ultimate fate of the lost products is in question. Assume
that at each minimum a fraction of the fission products are ejected into
the surrounding water. Their final rest point should be dependent upon
the hydrodynamic flow surrounding the bubble as it migrates towards the
surface. A strong flow would carry the material upward with the bubble
and it would be ejected into the atmosphere. A weak flow would allow
the material to be trapped in the lower layers of the ocean, unavailable
to the atmosphere. Unfortunately no data exist in this region of the
deep range and further theoretical work is required.

As the bubble migrates toward the surface the geometry of the
above-surface event may be related to the bubble phase as it interacts
with the sea-air interface. Perkins (1963) obtained evidence of this at
Hydra ITA, and it was previously suggested from analysis of past data by
R. Shnider of NRDL.* Tt is known however that throughout the deep range
there will be a strong ejection of water and fission products into the
atmosphere, with the subsequent development of a base surge. :

¥Private communication.
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VERY DEEP BURSTS

As defined earlier this depth range is defined such that all
explosions within it generate bubbles whic i three osclillations

and break up before reaching the surface
DELETED

) J He further suggested that a vortex ring deve-
loped from this point on, which carried the residual bubble products to
the surface. Even at this depth a scrong energetic plume was observed
in the atmosphere, with the subsequent development of a base surge.
Folsom (1956) and Isaacs (1962) investigated the subsurface layers of the
ocean after the Wigwam event and concluded that a substantial fraction
of the fission product debris had been trapped in the thermocline layer.
Isaacs's integration of the measured radioactivity indicated that some
two-thirds of the total equivalent fissions produced were in the waters
beneath the mixed layer. Unfortunately these data were obtained several
days to several weeks after the detonation and do not permit one to con~
clude whether this debris was left-behind by the bubble or whether it
followed the bubble to the surface and later sank to a depth consistent
with its own density.

Dué_

EXTREMELY DEEP BURSTS

This depth category can be considered an extension of the very
deep range, wherein the scaled depth is so great that the above-surface
phenomena are suppressed and the fission products are essentially con-
tained in the sea below the mixed layer. For this to occur, the bubble
energy has to be dissipated, and all hydrodynamic flow has to cease such
that subsurface water cannot carry a fission product to the surface lgyer.
For complete contaimment, all gaseous products would have to be prevented
from reaching the surface, by going into solution. Very little research
has been done on this problem.

11.2.5 THE BASE SURGE

The gravity collapse of the column (supplemented by the late emis-
sion water mass for very shallow and shallow-scaled depths) or plume (for
deep bursts) described above generates a dense aerosol cloud at the sur-
face, the base surge, which expands radially at high speeds as long as
energy is available from the subsiding water mass (see Fig. 11.2:7). ALl
underwater nuclear tests have produced this phenomenon, as have high-
explosive underwater tests for yields as low as 100 pounds TNT-equivalence.
Young (1963) investigated the hydrodynamics of the base surge. It
can be concluded that the aerosol configuration and dimensions during
initial expansion are functions of the scaled depth of burst. In all
cases, after complete collapse of the energy source (column or plume),
the base surge continues to expand as an annulus, eventually coasting
to a stop and drifting with the wind. Since the cloud is essentially
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Fig. 11.2:7 Typical Base Burye
(Shot sword Figh)

26




a dense seawater aerosol, its history is a function of the local meteoro-
logicel conditions, and in genersl the surge evaporates as it is carried
along the surface with the wind. Evidence from the Crossroads Baker test
suggested to Young (1965e) and other investigators that the base surge
from this event rose from the surface and had the appearance of low
stratiform clouds in its later stage of develomment from which rain was
observed to fall. However, this phenomenon should be considered unusual.
Other possible meteorological enviromments such as arctic climates, have
not been studied. They could conceivably be important in affecting base
surge transport. Evans (see Evans and Shirasawa (1962)) suggests, from
nuclear test data, that the base surge in a temperate climate is a trans-
iting phenomenon, depositing an insignificant fraction of the aerosol on
the surface. However Sword Fish data reported by Egeberg (1963) sugges-
ted the possibility of rainout from the surge at early times. A drop-
let coalescence model of the base surge, developed by Ulberg (1963) was
tested against Sword Fish data. Ulberg concludes that rainout does in-
deed take place, but at very early times and within a few thousand feet
of the explosion axis for a nominal-yield device. '

Tt is well known that the base surge is a major carrier of fis-
sion product debris for most scaled depths of burst and consequently is
the most important etmospheric radiological hazard to surface ships.

The contaminating mechanism of the base surge aeroscl is complex and not
completely understood. ‘

SURFACE BURSTS

As stated earlier, little is known of the above-surface pheno-
mene from a nominal-yield true surface-burst over deep water. Conflict-
ing arguments suggest that (1) energy coupling to the sea will be negli-

gible and the event will have the characteristics of a land-surface nuc-
lear explosion, with & rising fireball and resultant fallout, or (2)

energy coupling will be significant as it is in high-explosive water-
surface bursts, with development of a column and crown much like the
above-surface phenomena from a very shallow underwater explosion. Data
from past muclear tests suggest case 1 to be valid for high-yield devices;
at Operation Redwing no base surges were formed. Should case 2 be valid
at lower yields, one would expect bese surge characteristics as discussed
below for the very shallow scaled depth range.

DOE_

TELETED
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VERY SHALIOW BURSTS

Upon analyzing meager radiological data at Crossroads-Baker,
Strope concluded that the initial base surge aerosol was uncontami nated
and the major surface contamination resulted from the subsidence of
highly contaminated material from the crown (see Fig. 11.2:8). Evidence
from other work, as described by Kaulum (1965) from low-yield high-
explosive data, suggest that base surge contamination evolves from ejec-
tion of fission products (late emission) at the column base shortly before
column collapse, especially for a very shallow explosion in a bottom-free
enviromment. Regardless of the mechanism of injection of fission pro-
ducts, the base surge can be considered as a carrier of a fraction of
the fission products.*

SHALLOW BURSTS

In this depth range blow-out does not take place and it is esti-
mated that all the fission products enter the atmosphere through late
emission or underwater bubble cavity collapse at the column base just
prior to column collapse. The efficient mixing of ejected fission pro-
ducts with the subsiding column aerosol droplets assoclates a. fraction
of the products with water droplets which are immediately deposited in
the surface water, with the remainder being uniformly mixed with the
base surge carrier aerosol. This mixing leads to fractionation of the
fission product mixture, which will be discussed later.

DEEP AND VERY DEEP BURSTS

During bubble migration within these depth ranges, some of the
fission products are ejected into the surrounding water along the bubble
migration axis. These products are either carried with the bubble flow
or left behind in the thermocline layer of the sea. However throughout
these depth ranges the related above-surface phenomena, as described
earlier, can be considered to consist of the eruption of bushy plumes
into the atmosphere. These are uniformly contaminated with fission pro-
ducts, and their collapse creates a uniformly contaminated base surge.

¥Recent work by Young (1965b) on a thorough analysis of Crossroads Baker
data suggested to him two base surge formation processes separated
slightly in time. For this shot he argues that the late emission forms
the primary contaminated base surge, followed by a secondary surge from
the column collapse, which is essentially uncontaminated. As opposed to
Young, the author suggests a much stronger interaction of the collapsing
column with the late emission for nominal yield very shallow and shallow
bursts and uses this mixing process to suggest a fractionation mechanism.
However, where column collapse is week, as discussed later for low yield
explosions (less than 0.1 KT), the phenomenon described by Young is
evident.
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Again, a fraction of the plume and associated fission products are immedi-
ately returned to the sea, with the remainder associated within the base
surge. Although fractionation of the fission products does take place
(see below) it should not be as pronounced as that in shallow bursts
because of the hypothesized less efficlent scrubbing action occurring
with plume collapse as compared to the interaction of the subsiding

column and late emission mixing described above.

EXTREMELY DEEP BURSTS

By definition no base surge will form from exp1051ons detonated
within this scaled depth range.

FRACTIONATION OF THE BASE SURGE FISSION-FRODUCT MIXTURE

Evidence from samples of base surge radioactivity from muclear
tests (see Evans and Shirasawa 51962)) suggests that the base surge does
not carry all fission products (or their daughters) formed at the time
of detonation but rather that the mixture is depleted of refractory pro-
ducts to a degree dependlng upon the scaled\depth of burst. This frac-

initial interaction of the fission products with the column or plume
droplet serosol. Caputi (1960) considered the collection efficiencies
and activation energies of particulate and gaseous constituents with
respect to droplets, and suggested that the perticulate or refractory
fission products should be efficiently collected by the base surge aero-
501, whereas the gaseous products should be collected in an inefficient
manner. This study agrees with a possible explanation of the fractiona-
tion mechanism wherein the refractory products are considered scrubbed
and returned to the sea when the base surge is formed, leaving the gase-
ous products to be carried with the surge aerosol, interspaced between
the surge drops. One may conclude that the fraction of the total equi-
valent fissions produced that exist in the base surge is dependent upon
the degree of fractionation, which in turn is related to the scaled
depth of burst. For example, the base surges from very shallow and shal-
low bursts should be more highly fractionated than those from deep and
very deep bursts, if the efficiency of scrubbing of the products to the
sea is an acceptable hypothesis.

11.2,6 RESIDUAL RADIOACTIVITY IN OCEAN

During the dynemic phase of an underwater nuclear explosion
some of the radioactivity produced is either left behind in the seawater
or is returned to the surface waters with the collapse of the column,
crown, or plume. Further, some small fraction of the base surge radio-
activity is deposited in the surface water. That fraction deposited
beneath the mixed layer, from deep and very deep explosions, presents no
hazard at the surface; however the contamination of the mixed layer of
the ocean constitutes a severe hazard to surface ships shortly after
detonation.
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Observations at past underwater nuclear weapons tests and at
tests employing high-explosives as models have shown the existence of
an outward radial flow of the surface waters from surface zero shortly
after detonation. This hydrodynamic flow is visible as an expanding
patch of white foamy surface water (see Fig. 11.2:9), and for nominal-
yield weapons its rate of expansion during the first hour is more rapid
than can be explained by horizontal diffusive processes. For yields in
the fractional kiloton range this explosion-driven circulation lasts for
approximately one-half hour. J. Pritchett* has developed a physical
model relating the pool development to scaled depth of burst. Ksanda
(1963) has evaluated later-time pool growth and has calculated the pool's
horizontal extent as a function of time, based on a concept of horizontal
eddy diffusion. Both models rely on nuclear test data, with the best
surface pool information at early times being reported by Shirasawa on
Shot Sword Fish.

A question yet to be resolved is the mechanism by widch the pool
becomes contaminated at early times, the primary unknown being the pools
initial depth of contemination. Field test data (see Shirasawa) indicate
that at several hours post-detonation the radioactivity is mixed through-
out the surface (mixed) layer and does not penetrate into the thermocline
layer. Calculations of the pool intensity during the first hour require
assumptions with respect to the rate of vertical mixing during the dyne-
mic phase of pool development. If it is assumed that the radioactivity
is initially delivered to the water surface with the collapsing column,
crown, or plume, a model can be developed assigning all of this debris
to the white patch, extending in depth just a few feet. Rapid vertical
mixing would then carry the debris downward during the first hour. This
process, as opposed to that which introduces the debris immediately
throughout a substantial depth, would result in extremely high dose rates
during the first half hour post-detonation.

The residual radioactivity in the surface layers has been follo-
wed after a mumber of nuclear tests for periods of from days to weeks.
Radioactive decay and expansion by horizontal eddy diffusion rapidly re-
duce the hazard. Wesley, et al (1963), report aircraft radiation sur-
veillance of the radioactive pool from Shot Sword Fish for a period of
one week. Beyond a few days, the distribution of radioactivity is of
interest primarily in relation to contamination of marine organisms and
to detecting clandestine underwater nuclear testing.

For deep and very deep explosions, where the bubble experiences
several oscillations as it migrates toward the surface, radioactivity
may be ejected from the bubble at minima as discussed earlier. Measure-
ments at Operation Wigwem by Folsom (1956) and Isaacs (1962) indicate
that there are both a radioactive surface pool and random lens-like pools
of debris in the thermocline layer. These deep pools were measured some

*USNRDL report to be published.
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days after detonation and were found to be small and quite stable. Whe -
ther these deep deposite represent radioactivity that was left behind by
the migrating bubble or material carried to the surface by hydrodynamic
flow and returned to its originael stability level, is not known. No such
lamina have been observed at other underwater nuclear tests, perhaps
because no determined search was made.

13.3 PREDICTION OF ATMOSPHERIC GAMMA RADIATION FIEIDS *

Estimates of the sources and mechanisms of contamination as des-
cribed above permit delineation of the spatial history of the fission
products which produce the gamma radiation fields in the atmosphere.
Any prediction system requires that the locations, strengths, and con-
figurations of these sources be known as functions of time. Further, a
computational model is required to calculate the photon history within
the space of interest. It will become evident in this section that not
all of the required inputs for an accurate prediction system exist.
Therefore, many assumptions are reduired.

The principal sources of fission products contributing to atmos-
pheric radioactivity have been defined. These are (1) the initial
radioactivity associated with the rising columns and plumes prior to the
formation of the base surge, (2) the base surge, and (3) the residual
radioactivity in the surface layers of the sea. It now becomes necessary

to assign to these sources quantities of dimension and intensity as func-
tions of time. This would permit use of gamma ray transmission theory
to estimate the exposure rate fields throughout the space of interest.

#*Computerized prediction models are presently being developed at NRDL to
describe this entire phenomena. These studies will be published in two
reports as follows:

(1) Young, F.H., et al, "A Monte Carlo Gamma Exposure Rate Computa-
tion Model for Nuclear Weapons Effects Studies (U)."

(2) Schuert, E.A., et al, "DAEDALUS - A Gamme Exposure Rate Predic-
tion Code for Underwater Nuclear Bursts (v)."
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11.3.1 GAMMA-RAY TRANSMISSION THEORY

A fission-product source emits gamme rays over a wide range of
energies from approximately 0.25 to 6 Mev. QGamma ray energy spectra are
aveilable as a function of time for unfractionated mixtures and can be
estimated for fractionated mixtures and for the additional contribution

fran induced products.

The history of each photon depends upon its initial energy and
the medium through which it travels. Each photon may experience a num-
ber of interactions with the medium before it loses all of its energy.
The major interactions include Compton scattering, with a resultant per-
tial loss of energy to the production of a Compton electron;pair produc-
tion, with the total loss of photon energy to the creation of a positron-
negatron pair; and photoelectric effect, resulting in the camplete con-
version of the photon energy to kinetic energy of photoelectrons. With
both Compton scattering and pair production the resultant secondary gam-
ma rays may experience similar interactions, this process continuing
until all residual photons experience a photoelectric interaction, thus
depositing any residual energy. Each type of interaction is related to
the relative magnitude of the cross-sections within the medium for that
given type of interaction. Theoretical experiments have been developed
to follow the history of photons in this realistic manner based on
Monte Carlo calculational techniques.

More general approaches to gamma ray transmission calculations
are based on semi-empirical techniques developed as follows:

For a mono-energetic point source in an infinite homogeneous medium of
known cross-section

"
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Summing over an energy spectrum,
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vhere

.

R = exposure rate (r/hr)

K = exposure rate conversion constant (MEV/sec/gm to r/hr)
Ha/p = energy absorption coefficient (ane/gn)

B = Buildup factor (dimensionless)

I, = emission intensity (MEV/sec)

p = linear attenuation coefficient (cm™3)

x = distance to detector (cm)

Jo = emission intensity (MEV/cm3 sec)

These camplex equations have been simplified by Ksanda and Laumets (1959)
for an infinite air medium through the development of an effective
attenuation coefficient which eliminates the need for consideration of
the entire photon energy spectrum in the computations. Such empirical
approaches are presently limited in that they are applicable only for

an infinite homogeneous air medium.

Monte Carlo calculational techniques (see Kahn (1956)), in which
a large number of photons are released from a source or distribution of
sources, have the adventage that the photon subsequent life historles
can be traced mathematically in a realistic manner through any medium
or combination of medie whose geometry and muclear cross-sections are
known. However, utilization of this technique requires a substantial
amount of high-speed computer time.

Another calculational method has been developed by Spencer and
Feno (1951, 1951a). This semi-numerical technique for solving the
Boltzmann equation is known as the moments method. This technique has
the advantage of requiring less computer time, however it is restricted
in that it can handle only infinite medium problems.

11.3.2 PREDICTION OF INITIAL GAMMA RADIATION FRQM
COLUMNS OR PILUMES

The literature cites a number of predictions of initial radiation
from underwater nuclear explosions. We discuss these in chronological
order. Young (1956), employing a semi-empirical approach calculates the
gemma radiation dose for explosions over a yield range of 1 to 30 KT and
a depth range from the surface to €00 ft. Russell and Zirkind (1957)
modify the radiological input of Young's work and predict initiel gamma
dose and dose rate to aircraft for an 8 KT yield over a depth range of
125 to 415 ft. Their work is extended (see Zirkind, et al (1958), to
times up to 15 minutes and to include surface dose and dose rate calcu-
lations. Further, they consider yields of 2, 8, and 28 KT over the
depth range from 150 to 2000 ft. Ksanda, et al., (1959) predict the
initial gamma radiation dose for 10 KT and 50 KT water-surface bursts.
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Rainey and Shnider (1962) predict the initial gamma radiation from a
proposed series of water-surface bursts of yields including 0.1, 1, L,
and 10 MT. Various fission-to-fusion ratios are considered. Shnider
(1964) calculates pesk initial gamma dose rate and total dose for water-
surface bursts over a range of yields, and investigates the initial gamma
radiation from Hardtack Wahoo and Umbrella. The latest published work
on prediction of initial gemma radiation from underwater nuclear explo-
sions can be found in the Spin Drift Effects Handbook (196:). Here,

the initial radiation is predicted for a 10-KT water-surface burst and
a 0.,02-KT shot at a depth of 9 ft on the bottom. Deeper fractional
kiloton shots are considered; however no initial radiation is predicted.

Almost all of these works were based on very little data and were
generated through simple enalytical models or semi-empirical scaling
techniques. Thus, discrepancies exist between the reported works; how-
ever, a general improvement in this field is evident in the later publi-

cations.

The state of the art at this time still suffers from a lack of
verifying nuclear test data; however, as indicated above, some estimates
can be made regarding the radiological effects to be expected from ini-
tial radiation over a range of yields and depths of burst.

SURFACE BURSTS

Knowledge of all radiological phenomena from nuclear bursts at
the surface of the sea is extremely poor. Most predictions of the ini-
tial radiation from such a burst geometry have been based on extrapola-
tions of data obtained from nuclear tests with large-yield detonations
on barges over relatively shallow water. In these cases the history of
the radioactive debris resembled that of a slightly modified land-surface

explosion.

For prediction purposes it must be assumed that the fireball from
a true surface burst will be exposed to the atmosphere and therefore the
initial radiation will consist of a neutron pulse, gamma rays resulting
from inelastic scattering of the neutrons, and nitrogen-capture gamma
rays. This sphere of radiation will extend to an initial radius of
about 6000 feet, rapidly disappear, and leave as a residual, the gamma
fields generated by the fission products in the rising fireball. Given
the weapon design and yield, both total and fission, one can make num-
erical estimates of the intensity of this radiation as a function of
space and time with a reasonable degree of accuracy.
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VERY SHALLOW BURSTS

The initial radiation from a very shallow underwater nuclear
explosion consists entirely of fission-product gamma radiation and can
be assumed to originate entirely from the crown at the column top. No
reliable nuclear test data are available to estimate the fraction of the
fission products making up this source of radiation. Unfortunately,
scaled models suggest the mechanism of transfer to the crown may be de-
pendent upon both the yield and the proximity of the bottom. The state
of the art suggests qualitatively that the crown is the greatest source
wher. the growing bubble interacts strongly with the bottom. An analysis
of the Crossroads-Baker data led Buntzen{NRDL)¥* to assume that approximately
50 percent of the fission products were transferred from the bubble to
the crown. Using this as a crude base point, prediction of the source
strength might lower this value to 10 percent for explosions in & bot-
tom-free environment. This rather ill-defined source of initial gamma
radiation whose dimensions can be estimated from nuclear and high-explo-
sive data, generates gamma radiation fields calculable through appropri-
ate gamma ray transmission models. The unknown effect of gamma ray
attenuation by the presence of water in the crown introduces further
errors in the calculations. The life history of this source appears to
be yield-dependent, with explosions in the kiloton range having crowns
that rapidly subside, depositing their radioactive debris on the surface,
while explosions in the sub-kiloton range produce crowns that experience
negligible subsidence, with their fate influenced more by the combined
effect of wind and droplet settling rates.

Fran the time of formation of the crown to its d1531pation, it
acts as a very intense source of radioactivity.

SHALLOW BURSTS

The initial radiastion from shallow bursts is well understood
over a wide range of yields and appears to be insensitive to bottom
proximity. All nuclear data and measurements made using high explosives
as models suggest that the initial radiation in this depth range is
negligible. A very low short-lived burst of gamma radiation is observed
as the nuclear bubble projects into the atmosphere within the column
walls. However the bubble soon reverses itself, carrying the fission
products below the surface into the bubble cavity, thereby effectively
shielding the radlation from the atmosphere.

. Initial radiation, as defined, can be ignored for explosions in
this scaled depth range.

*Private communication.
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DEEP BURSTS

Bursts in the deep depth range must be considered in two groups
in evaluating their radiological effects. The first includes those
bursts that experience little if any bubble migration, and the second
those that experience bubble minima and strong migration.

Consider the first group: Since the bubble collapse near the
surface is a result of strong bubble bottom penetration (see Wahoo, Fig.
11.2:5), with the bubble cavity and its contents being ejected into
the atmosphere in the form of plumes, hydrodynamic considerations strongly
suggest that all of the fission products formed are mixed in the plume
formation above the surface. Although these plumes rapidly subside,
forming the base surge, a strong initial radiation source may exist
during their erruptive phase and prior to the formation of the base
surge. limited measurments of gamma radiation at the surface from
Hardtack-Wahoo and Sword Fish, both shots being of the nature described,
do not support the above hypothesis that all of the fission products
are initially above the surface in the plumes unless one assumes the
plumes during these very early times are of such density that they act
as & good shield. Nevertheless, theory permits the conclusion to be
made that the plumes are a strong source of initial gamma radiation,
and calculations can be made describing the gemma radiation fields about
this source geometry.

For deeper bursts in this depth range, some of the fission pro-
ducts are thought to be ejected from the bubble at minima as it oscil-
lates and migrates to the surface. This alone complicates the computa-
tional problems and they are further camplicated by the little understood
relationship of the expected above-surface effects to the phase of the
bubble on reaching the surface. High-explosive data through this depth
range suggest that plumes having either a columnar or bushy geometry
will be produced, depending upon the scaled depth of burst. No nuclear
data are availeble. As a best estimate, it might be concluded that the
initial radiation from bursts in the second group of this depth range
will be degraded in intensity below that expected from a group one ex-
plosion.

VERY DEEP BURSTS

Measurements of the residual radiocactivity in the sea following
shot Wigwam as well as that in the base surge suggest that, although the
bubble is considered to have broken up prior to reaching the surface,
the resultant plumes carried some fraction of the fission products into
the atmosphere. BEstimates of the quantity of radioactivity in the base
surge and the mixed layer of the sea suggest the plumes could not have
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contained more than about one third of the total radioactivity formed.
However if all the radioactivity found in the sea had been initially
ejected into the atmosphere, & possibility, then the initial radiation
might be significant. Of course, it should be remembered that the travel
time of the bubble of a very deep burst to the surface is relatively

long and reduces the initial fields, through radioactive decay.

EXTREMELY DEEP BURSTS

By definition no above-surface phenomena will develop from explo-
sions in this depth range and consequently there will be no initial
radiation in the atmosphere.

11.3.3 PREDICTION OF THE GAMMA RADIATION ASSOCIATED WITH
THE BASE SURGE

A mathematical model of the base surge has been developed by
Huebsch (1963a) for the purpose of predicting the transit radiation
associated with the surge passage ovér the surface of the sea. Input
variables to the model include weapon yield, burst depth, and surface
wind speed. The model was developed from nuclear weapons test data and
generalized for application over most scaled depth ranges. Idealized
geometrical forms were used to represent the source of base surge
radiation; it was assumed that (1) radiation is attenuated by air only,
(2) the distribution of radiocactivity in the radiological base surge is
homogeneous, (3) there is no fractionation of the fission products in
the base surge and (4) the circular plan view of the base surge is not
distorted by the wind. Gemma ray transmission calculations made use of
an effective attenuation coefficient developed for an infinite homogene-
ous air medium and a fission product gamma ray spectrum. The author
states the model was develcped to operate over the yileld range of from
1 to 100 KT throughout the scaled depth ranges from very shallow to
very deep.

Since the model development was based on nuclear test data it
can be concluded that its reliability is best for those scaled depth
ranges that are best documented experimentally, namely the shallow and
deep ranges. Application to the very shallow and very deep ranges
should be used with caution.
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SURFACE BURSTS

Lack of theoretical and experimental information on true water
surface bursts has resulted in an either/or situation regarding the
base surge. It will be assumed that for explosions over 50 KT total «
yield the above-surface phenomena will be that of a land-surface explo-
sion with no base surge formation. For yields of 10 KT or less, it is
not known whether the energy coupling to the sea will result in a burst
resembling a land-surface explosion or in a very shallow underwater
explosion. If it is like a land-surface burst, no base surge will form;
if a very shallow underwater nuclear burst, the base surge will be as
described in the following section.

VERY SHALICOW BURSTS

The collapse of the colmmn from a very shallow burst generates
a strong base surge aerosol that initially can be considered uncontami-
nated or very slightly so. Several contemination mechanisms are immedi-

ately apparent and probably are a function of the explosion yield. For
a nominal-yield weapon the fission products can be considered trans-

ferred to the base surge from the collapse of the underwater bubble
cavity (late emission) and from the collapse of the conteminated crown
into the expanding base surge. The efficiency of uptake of fission pro-
ducts by the base surge is poorly understood for this complex situation.
If, for the Beker geometry, half of the fission products are in the
crown and the remainder in the bubble cavity, one might hypothesize

poor uptake from crown fallout and strong fractionation of those products
ejected from the bubble cavity as they are scrubbed by the subsiding
column. A subjective estimate would transfer sbout 5 percent of the
total activity to the surge, highly fractionated in favor of the noble
gases and their daughters.

Considering a bottom-free enviromment in which the crown may be
less contaminated, one would expect that perhaps 10 percent of the
fractionated mixture would be transferred to the surge due to late
emission. This review summarizes the poor state of the art for very
shallow underwater nuclear bursts. For planning purposes, surge con-
tamination can be assumed to be 5 percent of the fission product mixture
for explosions near the bottom and 10 percent for those in a bottom-free
enviromment.

This underwaster depth range has the additional highly contaminat-
ing mechanism of crown collapse which occurs close to surface zero and
in the time frame when the base surge is developing. Heavy fallout is
predicted for nominal-yield bursts near a bottom, less for a bottom-free
environment, and much less for fractional kiloton yields for which the
crown collapse is very weak. Strope's analysis of the contamination
from crown collapse at Crossroads-Baker indicated an average deposit
exposure to infinity of 4000 r in an annulus several thousand feet from
surface zero. )
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SEALIOW BURSTS

The less complex shallow explosion depth range does not involve
blow-out and the development of a crown. Again it can be assumed that
the column collapse creates a strong uncontaminated base surge aerosol
and that the fission products are efficiently and uniformly mixed into
it through late emission. If 100 percent of the fission products are
- ejected by the upward collapse of the bubble cavity, the scrubbing
action of the falling column water droplets will fractionate the mixture,
and about 10 percent of the activity will enter the base surge. These
products, which are not returned to the sea, are most probably the noble
gas fission products. High-explosive model experiments and data from
Hardtack-Umbrella suggest that the proximity of the bottom is not im-
portant in fission product transfer in this depth range.

As the surge expands, Ulberg (1963) estimates that a negligible
amount of the fission products rain out close to surface zero, with the
majority of the contamination being carried in suspension with the non-
settling base surge aerosol. Adequate gamma exposure rate predictions
can be made with Huebsch's mathematical model in which he best fits
field data with a surge fraction egqual to 10 percent of the unfractiona-
ted fission product mixture. It should be remembered that this model
considers air attenuation only in its gemma ray transmission calcula-
tions, and en exact model in considering the fractionated fission pro-
duct spectrum and the attenuation due to water would have a different
and more exact measure of the true fraction of the weapon in the base
surge. The state of the art does not permit the development of such a
model at this time.

DEEP BURSTS

For those explosions in this depth range that experience little
bubble migration, essentially all of the fission products are ejected
into the atmosphere in the form of hemispherical plume resulting from
the collapse of the bubble. As the plumes, consisting of water and
nuclear debris, subside, scrubbing action is not as pronounced as it is
for vertical column collapse and a larger fraction of the fission pro-
ducts is delivered to the base surge. The mixture in the base surge is
estimated to be fractionated nevertheless, with all of the noble gases
and some of the refractory products being present. Since the state of
the art prevents the consideration of fractionation in a quantitative
manner, Huebsch employs a 33 percent unfractionated mixture in the base
surge. Although the visible base surge formed is annular in geometry,
the radiation fields suggest that some of the activity is in the central
void ad Huebsch employs a disk geometry, uniformly contaminated; for this
scaled depth range. Unfortunately no data exist for base surges in
this depth range that result from explosions detonated at depths from
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which the bubble oscillates a number of times prior to reaching the
surface. The major un-ansvered question is whether the activity lost
beneath the surface at each hubble minimum remains behind at depth or
whether it is carried along the bubble migration axis and is ejected
with the plumes.

VERY DEEP BURSTS

When the bubble breaks up prior to reaching the surface and any
above-surface phenomena are the result of hydrodynamic flow of residual
bubble debris, a plume can form and develop an energetic base surge.
For Wigwam, Huebsch estimated on the basis of very limited data that
the base surge carried about 10 percent of the bomb products. Further,
Isaacs. estimated some two-thirds of the bomb products in and below the
thermocline layer and one-third in the mixed layer of the sea. These
analyses suggest that within this scaled depth range the base surge is
less radioactive than for the deep range. However even greater depths
are required in order to suppress the interchange with the atmosphere.

EXTREMELY DEEP BURSTS

At some depth no base surge will form if the hydrodynamic flow
along the bubble axis loses its energy below the surface. It is antici-
pated that this will be the case within the extremely deep depth range.

11.3.4 PREDICTION OF GAMMA RADIATION ASSOCIATED WITH
RESTIDUAL RADIOACTIVITY IN THE SEA

Data reported by Shirasawa {1964) on measurement of the radio-
activity in the sea following Shot Sword Fish and data obtained by
Eseverg (1963) for the same weapons test sugmest the possibility of
extremely hirh exposure rates from the pool at tiwes shortly after deto-
nation (up to H + 1/2 hour). Measurements made at later times by Wesley,
et al (1963) (see Fig. 11.3:1), if projected back in time to the first
half-hour post-shot, do not bear out the above-mentioned observations.
These conflictinz data leave open to question the radiation levels to he
expected at these early times. However a riodel of the surface lsyver
radioactivity history has been constructed by Ksanda (1903) for employ-
ment over the time interval from H + 1/2 hour to meny weeks. This
analytical technique considers the initial source dimensions, source
strength, and then throuzh processes of vertical mixing, horizontal eddy
diffusion, and radioactive decay, it computes the pool dimensions and
atmospheric ramma radiation exposure rates to be expected as a function
of time for a wide range of yields and scaled depths.
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Little is known of the residual radioactivity in the sea below
the mixed layer. However it does not contribute to surface radiation:
fields. No method of prediction is available at this time.¥*

SURFACE BURSTS

Again for the surface burst, prediction of the residual radio-
activity in the sea is extremely difficult for it depends on the unknown
factor as to whether one will experience a rising fireball and cloud
fallout or crown subsidence as discussed below for the very shallow
burst configuration. If one assumes the phenomenon to be similar to a
land-surface burst it is suggested that the pool activity will be insig-
nificant, with all of the radioactivity being carried aloft in the fire-
ball or being swept into the fireball in the form of vaporized water.
The classical pool would then not exist. However the sea would be con-
taminated later as the fallout returns to the surface waters. The pool
from this latter effect should be of little tactical significance to
the fleet.

VERY SHALIOW BURSTS

Both late-emission-column-scavenging and crown collapse will
contribute to the development of a well-defined pool of radioactivity at
the sea surface. Although no actual measurements of the sea surface fission
product concentration heve been made for this case,the evaluation of crown
collapse contamination after Crossroads-Baker and the interaction of
cavity collapse with the column subsidence demand that attention be given
to the existence of a pool of radioactivity. The quantity of fission
products returned to the sea may be a function of yield and bottom proxi-
mity. For low yields, in which crown subsidence is weak, the crown
radioactivity will be carried downwind and not deposited immediately in
the sea. Bottom proximity may control the distribution of fission pro-
ducts between the underwater bubble cavity and the crown. Such con-
siderations suggest that pool radioactivity intensity will be highest
in a bottom-free environment; and where the bottom does interact, the
low-yield fractional kiloton shots will scale at a lower level. Of
course the initial depth of mixing will be a major determinant of the
initial intensity levels, which could be important for very shallow water.

*A mathematical model of this aspect of the problem is being developed
at NRDL under ARPA sponsorship.
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SHALLOW BURSTS

For this rather well-defined situation it is expected that a
large fraction of the fission product debris will return to the surface
water of the sea shortly after detonation as a result of the bubble
cavity collapse - column collapse interactions. Some 90 percent of the
fission products produced will distribute themselves in the mixed layer,
with the surface gamma exposure rates being a function of the unknown
initial depth of mixing during the first half-hour. However the debris
will rapidly mix through the mixed layer in a matter of hours and con-
tinue to dilute by horizontal eddy diffusion. It is possible that for
shots on the bottom much of the radioactivity will associate with dis-
turbed bottom material and soon settle out.

DEEP BURSTS

For the explosions in the upper part of this scaled depth range
that experience little migration, such as Wahoo and Sword Fish, some 67
percent of the total debris (that fraction not associated with the base
surge) should be initially in the surface waters. With migration, the
problem becomes less clear because of the unknown history of the radio-
activity ejected from the bubble at each minimum. The present state of
the art permits one to consider this bubble-ejected radioactivity as
lost to the surface layers or to consider that the ejected material is
carried upward with the hydrodynamic flow along the bubble migration
axis to the surface. Should this latter situation exist, it is probable
that the radioactive pool would consist initially of water colder than
surface water which then would rapidly sink to its own density level.
Either phenomenological picture then suggests the pool from deep bursts
to be somewhat less radioactive than pools formed by explosions detona-~
ted at shallower scaled depths in the range.

VERY DEEP BURSTS

The best evidence for pool radioactivity in this depth range
comes from studies of shot Wigwam, for which it has been estimated that
some 33 percent of the total fission product production was found in
the surface layer several days after the time of detonation. The two-
thirds assigned to and below the thermocline layer may however have
spent some time at the surface, as discussed above.

EXTREMELY DEEP BURSTS

By definition, bursts in this depth range will suppress or con-
tain all of the radioactivity in the sea beneath the surface mixed
layer. The distribution might be envisioned as being spread along- the
bubble axis with a heavy concentration at the stability barrier at the
veginning of the thermocline.
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11.3.5 COMBINED RADIOIOGICAL EFFECTS

Methods and concepts have been described by which the free-field
gamma-ray exposure rate and exposure histories may be estimated from the
initial radiation,the base surge, and the residual radioactivity in the
sea. However, since these three sources overlap each other in time and
space the total contribution must consider the integrated radiation
fields from each of these sources. Present techniques require that
each source contribution be handled as a separate problem and the inte-
grated effect be obtained by addition where appropriate. What is de-
sired is a computational system that will consider all interactions
experienced by a ship, submarine or aircraft dynamically involved in an
underwater explosion environment.

11.4 SUMMARY OF THE STATE OF THE ART

It is the purpose of this section to state the well understood
phenomena and the unknowns that have an influence on predicting the dis-
tribution of the radioactive debris and associated nuclear radiation
from underwater nuclear explosions and to indicate the direction of pre-
sent research as well as tc suggest future research.

11.4k.1 PUBLISHED PREDICTION SYSTEMS AND ESTIMATES
OF INPUT PARAMETERS

For the estimation of the extent of the radiological effects
from an underwater nuclear explosion, advantage can be taken of existing
prediction systems and scaling relationships where available in lieu of
any unified model. It will become obvious that the state of the art
leaves much to be desired in many areas.

Table 11.4:1 summarizes the useful information available to the
reader. It should be emphasized that the tabular data represent, in
many instances, subjective estimates requiring further study.




11.4.2 DIRECTION OF CURRENT RESEARCH

Preparation of a unified prediction system designed to develop
the free-field gamma exposure rate contours over all space as a function of
time was initiated in FY 1965 by the Defense Atomic Support Agency.
This program considers all scaled depths over a wide range of yields
using Monte Carlo techniques in the development of the gamma ray trens-
' mission aspects of the model. Past nuclear data, high explosive data,
and hydrodynamic theory are applied to develop the dynamic source con-
figurations discussed in the preceding sections of this report.

Experimental and theoretical studies are continuing at NRDL
and elsewhere as an adjunct to the above project to fill in necessary
unknown model parameters.

The final state of the art model will be completed and available
for interrogation on high-speed computers at the end of FY 1967.

Related research is continuing at other laboratories with empha-
sis on bubble phenomena, underwater shock, and air blast.

11.4.3 SUGGESTED FUTURE RESEARCH

If it is assumed desirable to improve the state of the art in
the future, further nuclear weapons effects tests or laboratory scaled
experiments are considered necessary to update the input variables to the
prediction system.

The present state of the art permits evaluation of effects in
temperate climates and it is recommended that consideration be given to
evaluating the impact of environmental parameters on the phenomenology.
Of greatest importance is the problem area of arctic conditions from
both the point of view of under-ice explosions and freezing air masses.
Further the import of varying stability conditions in both temperate and
arctic atmospheres needs study with respect to the fate of the base surge.
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TABLE 11.k:1

Summary of the State of the Art

Scaled Depth Initial Gemma Rasdietion
Devth Source Geometry Mass Estimated Fiesion Chronology Rer
Distribvution Product Fraction
Surface 1. For high yields 1, Fireball 1. 100 % 1. Rising fireball 1. A8 an interim g
(> 50 XT) lixe land fallout pr
land surface burst (ref. Cassidy)
2, For ylelds less 2. Unknowmn 2, Unknown 2. Unknown 2. May resemble ve
than 10 KT, un~ depth range
knowm
Very Agrosol crown Unknown mixture 10 % Tor shots in Early crown for- Seversl outdated
Shallow capping column of air and water. deep water mation, Crovn all incomplete.
Bulk density vari- 50 % for shots on subgides for ylelds
able with yield; or neexr bottom > 10 KT little sub-
~b 0 (€3] sidence for fracti-
air onal KT
Shallow Hollew column Colwmn walls con- Variable in time; F.,P. rise above No available predi
sist of unknown small surface with bubble, Cemtribution to to
mixture of air and then reverse com- expected to be neg
water pletely and return
o ~kopyyr (D) to underveter bubble
cavity
Deep Hermigpherical Uniform (7} 100 4 in upper Gradual collapse Ko evailable predi
plume Unknovm mixture of part of scaling of plume which Gamma f£ields produ
Mgy be columnar air and water range initiates base congidered negligl
from deeper o~k gy (1) Unknown when bub-  surge
shots ble experiences
several oscilla-
tions
Very Hemispherical See deep Unknown See deep See deep category
Deep Plames category category
Extremely No atmospheric - - - -
Deep interaction




TABIE 11.h:1
Summery of the State of the Art
pth Initial Gamma Rediation Base Surge Radistion
Source Geometry Mass Estimated rission Chronology Remarks Source Geometiry Mass Estimeted Fission Chronology
Digtribution Product Fraction Distribution Product Fraction
1. For high yields 1. F{reball 1. 100 % 1. Rising fireball 1. As an interim messwre use surface 1. F¥ot applicable 1. Not spplicable 1. Wot applicable 1. Not applicable
(> 50 XT) like land fallout prediction system
land surface burst (ref. Cessidy)
2, For ylelds less 2. Unknowm 2, Unknowm 2. Unknowm

than 10 KT, un-
knowvn

2. May resemble very shallov scaled
depth range

2. Unknown

2. Uaknown

2, Unknown

2, Unknown

Aerogol crown
capping column

Unknown mixture
of air and water.
Bulk density vari-
able with yield;

~b °ai‘r e

10 % for shots in
deep water

50 % for shots on
or near bottom

Early crown for-
nmation. Crown
subsides for ylelds
> 10 KT 1ittle sub~
sidence for fracti-
onal KT

Several outdated prediction schemes;
all incomplete,

Hollow column Column walls con-

Variable in time;

F.P, rise above

Anmular aerosol
Ting

Iow density water
air

mixture
# <2 pgyy (7)

10 % if shot fired
in deep water

5 % 1f shot fired
on or near bottom
Fractionated mix-~
ture

Rapid radial expar
sion.

Drifts vith wind,
Influenced by
atmospheric vari-
ables.

No available prediction system. Anmuler aerosol See very shallow 10 ¢ See very shallow
sist of unknown small surface with bubble, Contribution to totel gamme field Ting category Fracticnated category
mixture of air and then reverse com- expected to be negligible mixture
water pletely and return
p~b pgyp (D) to underwater bubble
cavity
Hemigpherical Uniform (?) 100 % in upper Gradusl collapse No available prediction system. 1n upper s hal].a.w
plume Unknown mixture of part of scaling of plume which Gamma fields produced generally i;m“m &eroso) z::e‘:o:; shellov 2;—: o:' :ea_urg c::e;:g s
May be colurmar air end vster range initiates base considered negligible. Fpnfw extend range
g:tusdeaper Bl ooy (7) g’l’f‘m wl;e'n bub~-  surge throughout Unknown when bubble
exger eﬁ;: center annulus experiences several
:::za ose - osetllstions
Hemispherical Sen deep Unknown See deep See deep category See deep Se: very shallow 0% ii: very shallow
plumes eategory eategory category category cgory
No atmospheric - - =

interaction




Bagse Surge Radiation

_ Oceanic 1at;
ks ce Geometry Mass Estimated Flssion Chronology Remarks
Distribution Product Fraction Source Geometry s Mess Estimated Fission Cha
= Sributicn
sure use surface 1. Not epplicsble 1, Not applicable 1. XNot applicable 1. Not applicable -
ictian system 1. Unknowm 1. Unknown 1. Unknown ) 1.
shallov scaled 2. Unknown 2. Uoknown 2. Unknown 2. Unknowm - 2. Unxnowm 2. Unknown 2. Unknown 2
giction schenes; Annular aerosol ILow density water 10 % if shot fired Rapid rsdisl expan- See Huebach (1963a)., Use withn )
ring air mixture in deep vater ston. caution for prediction purposes. Egzizﬁa::pand léni::nm st early ?irzg tniga:?:ater i;l'
P <2 pgip () 5% if shot fired Drifts with wind. T eh

water mass Eventually mixes to Varisble with yleld sgh

top of thermocline and bottom proximity zo:

on or neer bottom
Fractionated mix-

Influenced by
atmospheric vari-

ture sbles. for shallow water g:
ion system. Anmilar aerosol See very shallow 0% See very shallow See Huebach
Redially expend- See very shallow 9% % Set
1 ganme field ring category Fractionated category for prediction purposes .
gible vy ‘5;:25:11;2::: category . ca
ioge::'::ili\'r Annular seroceol See very shallow 33 % in upper See very shallow See Ruebech, use with csution Radially expand- Unknown at early 67 % in upper part Se
e. ring category part of scaling category for prediction purposes when ing surface times of scaling renge -~ c&
FP may extend range bubdle experiences several wvater mase surface pool even- surface pool pa
throughout Unknown when bubble oacillations Fossible sub-~ tually mixes to top Unknown contribution ra:
center annulus experiences several surface pools. of thermocline to surface and sub~ Un
oscillations unknown for sub- surface pools if )4
surface pools bubble experiences
several oseillations
See deep See very shallow 10 $ See very shallow See Huebsch, use with caution See deep Ses deep 33 § in surface Sea.
ecstegory category category for prediction purposes category category pool ca
67 % in sub-surface
pools
- - - - - Sub-surface Unknown 100 % 1n pools un
pools below below the mixed
the mixed layer

layer
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See Huebsch

Oceanic Yool Radiation
Remarks Source Geometry Mass Eetimated FPission
Dist: tion Product Fraction
h 1. Unknown 1. Unknown 1. Unknown
- 2. Unkoown 2. Unknown 2, Unknown
See Huebseh (1963a). Use with
Radially expand- Unknown at early 60-70 % 1f shot
caution for prediction purposes. | (i, gurrace times fired in deep water.
water mass Eventually mixes to Varieble with yield

Chronology

Remarks

Discussion

1. Unknown

2. Unknown

L. For high ylelds - major contamination
* by fellout.

. Ph non uny N - may r ble
either land surfece burst or very
shellow underwater burst or both.

top of thermocline

and bottom rroximity
for shallow water

Initially dynamic-
ally driven by

shot - further hori~
zontal and vertical
grovth by eddy
aiffusion,

No adequate predic-

tion mvailable for
first half hour.
See Ksanda (1963)
for later timea

Subsiding crown end bottom influence
make predictions in this range very

Hifficult.
Tﬁzt. shot: Croesroads Baker.

for prediction purpcses

Redielly expand-
ing surface
vater mass

See very ghallow
category.

%0 %

See very shallow
category

See very shallow
category

Best understood range.
Ref. ghot: Herdtack Umbrella

See Buebsclh, use with csution
for prediction purposes wben
bubble experiences ssveral
oscillations

See Ruebsch, use with caution

Rsdially expand~
ing surface
vater mazs
Posaible sub-
surface pools.

Unknown at early
times

surface pool even-~
tually mixea to top
of thermocline
unknown for sub-
surface pools

67 % in upper part
of scaling range «
surface pool
Unknown contribution
to surface and sub-
surface pools if
bubble experiences
several oscillations

See very shallow
cetegory for upper
part of scaling
range

Unlnosm for sub-
surface pools

See very shallow
category for
upper part of
scaling range.

No prediction system

available for sub-
surface poola.

This depth range 1s too broed cover-

ng shots that have little migration

© those having multiple migration.

Ref. ehots: Hardtack Wahoo and Svword Fish

See deep See deep 33 % in surface See deep See deep category [ndesrvater hydrodynamics poorly
for prediction purposes category category pool category underetood.
87 % in sub-surface Ref. shot: Wigwam
pocls
- Sub-surface Unknosm 100 % in pools Unknown Ko prediction Very little known on poesidvility of
pools belaw below the mixed system available pchieving these conditions
the mixed layer
layer
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